Objectives: To describe the phenotype of a Turkish family with variably expressed congenital fibrosis of the extraocular muscles (CFEOM), and to determine the genetic location of their disorder.
T
HE SYNDROMES known as congenital fibroses of the extraocular muscles (CFEOM) are congenital ocularmotility disorders that manifest as restrictive ophthalmoplegias with ptosis. Although these syndromes are thought to arise from dysfunction of part or all of the oculomotor nerve and/or the muscles that this nerve innervates, their molecular etiology remains unknown. Several inherited forms have been described, and 3 genetic loci (CFEOM1, CFEOM2, and CFEOM3) have been identified. [1] [2] [3] [4] The classic form of CFEOM (classic CFEOM) is the most common of the CFEOM syndromes. Affected individuals have bilateral ptosis and bilateral restrictive ophthalmoplegia. The primary vertical position of each eye is fixed below the horizontal, typically by at least 10°. The secondary position of the hypotropic eye (exotropic, esotropic, or neutral) and the degree of residual horizontal movement within the lower quadrants (full to completely restricted) can vary within and between affected individuals, but none can bring either eye above the horizontally neutral position. Genetic studies of multiple families with classic CFEOM have demonstrated linkage to the centromeric region of chromosome 12, and this locus is now referred to as CFEOM1. 1, 2 All families linked to the CFEOM1 locus have demonstrated full penetrance. There have been no reports of individuals with chromosome 12-linked CFEOM who did not have the classic CFEOM phenotype. There have been no reports of individuals whose eyes were in a neutral primary position, who could raise their eyes above the midline, or who had unilateral or absent ptosis.
A second CFEOM syndrome has been identified in 3 consanguineous Saudi Arabian families. 3 Similar to individuals with classic CFEOM, these individuals have restrictive, bilateral external ophthalmoplegia and ptosis, with virtually absent voluntary eye movements. Studies have revealed, however, that these individuals vary both phenotypically and genotypically from individuals with classic CFEOM. 3 The primary fixed position of each eye is in abduction with marked exo-tropia, in contrast to the classic CFEOM phenotype, in which each eye is primarily fixed downward with marked hypotropia. Furthermore, unlike classic CFEOM, which is inherited in an autosomal dominant fashion, the disorder in these families is inherited as an autosomal recessive trait, and likely arose in this population from a founder mutation. Genetic linkage studies of these Saudi Arabian families have demonstrated linkage to chromosome 11q13, and this locus is referred to as CFEOM2. 3 A third CFEOM syndrome has been identified in a large Canadian family. 4 The disorder in this family is inherited as an autosomal dominant trait with probable incomplete penetrance. The phenotype of affected family members is much more variable than that reported at either the CFEOM1 or CFEOM2 locus. Severely affected family members have bilateral ptosis and restrictive external ophthalmoplegia with the eyes fixed in an infraducted and exotropic position, not unlike a subset of individuals with classic CFEOM. Mildly affected family members, however, have normally positioned eyes, only minimal limitation of vertical gaze, and unilateral or absent ptosis, features not reported at either the CFEOM1 or CFEOM2 locus. Genetic analysis of this family revealed linkage to chromosome 16q24.2-q24.3, and this locus is referred to as CFEOM3. 4 We present the clinical findings and genetic evaluation of a Turkish family with autosomal dominant CFEOM. This evaluation demonstrates that the phenotype of families whose disease genes map to the CFEOM1 and CFEOM3 loci can overlap to an even greater extent than previously reported. The phenotype in this family is markedly variable in its expression and overlaps with both classic CFEOM1 families and the nonclassic CFEOM3 family, but more closely resembles the CFEOM3-linked family. Genetic linkage analysis, however, reveals that this family's disease gene is linked to the CFEOM1 locus. These findings establish that there is greater phenotypic heterogeneity at the CFEOM1 locus than previously reported, and suggests that phenotype alone is not sufficient to distinguish among the 3 genotypically distinct CFEOM syndromes.
RESULTS

CLINICAL FINDINGS
The 5-generation family, referred to as pedigree BW, lives in Bayat County, Ankara, Turkey. The pedigree consists of 94 individuals, 84 of whom were living at the time of the study. Sixty individuals (29 clinically affected family members, 22 clinically unaffected family members, and 9 spouses) participated in the study (Figure 1) , and all underwent clinical examination and donated a blood sample for genetic analysis. Congenital fibrosis of the ex-
PARTICIPANTS AND METHODS
CLINICAL STUDIES
Retrospective pedigree ascertainment was performed using the index case ( Figure 1 , IV:35) from the Hacettepe University Pediatric Ophthalmology and Strabismus Registry, Ankara, Turkey. Ophthalmologic examinations were performed and blood samples were obtained from all participants during a field visit by a team of physicians (E.C.S., B.T., and A.N.A.). Hacettepe University and Children's Hospital, Boston, Mass, approved this study. Informed consent was obtained from all adult participants and from parents or legal guardians of participating minors.
For each participant, the primary position of each globe was recorded with the head held straight (correcting for abnormal head position). Ductions and versions with cover test were analyzed and quantified in 6 diagnostic positions of gaze using a grading system of 0 (no movement) to 4 (full movement) in that field of action. Globe retraction and/or aberrant movements were recorded. An individual was diagnosed as having ptosis if the upper lid covered 2 mm or more of the iris. Ptosis was graded as mild if the upper lid covered the iris above the upper pupillary margin, moderate if it occluded up to half the pupil, and severe if it occluded more than half of the pupil. Levator function was measured from the upper lid margin while the patient attempted supraduction from the infraducted position without recruitment of the frontalis muscle. Visual acuity with the participant's existing correction was measured with a Snellen optotype chart held at 6 m, and noncycloplegic refraction was obtained in individuals of decreased visual acuity when possible. Direct and indirect pupillary reactions were recorded. Photographic and videographic documentation of each participant's ophthalmologic examination was obtained whenever possible.
MOLECULAR STUDIES
Blood samples were obtained from all participating family members and lymphocyte DNA was extracted according to standard procedures. Linkage studies were conducted using polymorphic DNA microsatellite markers from the CFEOM1, 1 ), and 0.5 U Taq polymerase (Perkin Elmer). The polymerase chain reaction products were separated on 6% denaturing polyacrylamide sequencing gels, and the alleles were visualized by autoradiography. 1 For lod score calculations, an individual was scored as affected based on the consensus of the examining physicians. Lod scores were calculated using the Fastlink version 3.0 package of programs. 5 Assumptions made were autosomal dominant inheritance, incomplete penetrance, 10 marker alleles of equal frequency, and a disease incidence of 1 in 1 million births, as described previously.
3,4 Scores were calculated using penetrances of 90%, 95%, and 97%. traocular muscles is inherited in pedigree BW as an autosomal dominant trait with extreme variability in its expressivity. There are 3 recognized consanguineous loops in the pedigree, and 2 of these are marriages between 2 affected individuals (III:12 and III:13, IV:10 and IV:11). These marriages produced 5 offspring of whom 4 are affected with CFEOM. No phenotypic distinctions were made between these 4 cases.
The phenotypic expression of the disorder in 18 of the affected participants is consistent with that described for classic CFEOM. 2, 6 These individuals have bilateral ptosis and restrictive external ophthalmoplegia with their eyes fixed in an infraducted position. They have no upgaze and display variable degrees of restriction in the other diagnostic positions of gaze. All have an abnormal head position with a chin-up posture. The majority have aberrant convergence that is most pronounced on attempted upgaze and aberrant divergence that is most pronounced on attempted downgaze. Globe retraction and other abnormal movements were not observed. This phenotype is indistinguishable from that described for CFEOM1-linked classic CFEOM, and is diagrammed in Figure 2 , group 1, and demonstrated in photographs of individual III:24 (Figure 3) .
The phenotypic expression of CFEOM in the remaining 11 affected family members, however, is not consistent with that reported for classic CFEOM, and is indistinguishable from that described in moderately and mildly affected members of the CFEOM3 family. Individual findings are described below, diagrammed in Figure In addition to the ocular-motility findings described above, complete restriction of abduction, resembling a sixth nerve palsy, was found unilaterally in 2 typically (IV:8 and IV:29) and 3 atypically (II:1, III:13, and IV:35) affected individuals, and bilaterally in 1 atypically affected individual (III:9). The degree of ptosis, levator function, visual acuity, and refraction (when available) are presented in Figure 2 . Direct and indirect pupillary reactions were normal in all individuals.
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LINKAGE TO THE CFEOM1 LOCUS ON CHROMOSOME 12
The CFEOM1, CFEOM2, and CFEOM3 loci were analyzed for linkage to the family's disorder. Linkage to the CFEOM2 and CFEOM3 loci was excluded at 97% penetrance as follows. At the 2.5-centimorgan (cM) region surrounding the CFEOM2 locus on chromosome 11q13, 2 a lod score of less than −2.0 (indicating an odds ratio of 100:1 against linkage) was obtained at marker D11S1369 with a recombination frequency () of 0.06. At the 5.6-cM critical region surrounding the CFEOM3 locus near the telomere of chromosome 16q, 4 lod scores of less than −2.0 were obtained at markers D16S671 and D16S498 with a of 0.20 and 0.12, respectively. Analysis of chromosome 12 markers revealed linkage to the 3-cM CFEOM1 locus, which falls between markers D12S1584 (AFM136xf6) and D12S1668 (AFMb320wd9). 2 The critical region for the disease gene in family BW is defined by a recombination event in affected individual V:9 at marker D12S87 on the short arm of chromosome 12, and by a recombination event in affected individual IV:35 at marker D12S398 on the long arm of chromosome 12 ( Figure 1 and Table) . D12S1584, D12S1621, D12S1692, D12S1048, D12S1668, D12S1090, and D12S85 cosegregate with the disease gene without recombination events in any of the affected individuals; the affected haplotype for these markers is 2-3-3-1-3-3-7 (Figure 1) . All of these markers have maximum lod scores greater than 3.0 (Table) when calculated at penetrances of 90%, 95%, and 97%, and a maximum lod score of 10.8 was obtained at the most informative marker, D12S85, at penetrances of both 90% and 97%. Clinically unaffected individuals IV:15, IV:36, and V:16 inherited a portion of the disease haplotype. Because it is unknown if they are unaffected or are nonpenetrant carriers of the mutation, these recombination data cannot be used to narrow the critical region. Thus, the critical region for the disease gene in this family encompasses the entire CFEOM1 locus.
The penetrance of the CFEOM mutation in this family is calculated to be 97%. Twenty-nine of 30 individuals carrying the disease-associated haplotype are clinically affected. In calculating penetrance, 2 individuals are noteworthy. Individual IV:2 is unaffected based on results of clinical examination but inherited the entire disease haplotype from his affected father, III:1, and is assumed to be a nonpenetrant carrier of the disease mutation. Individual IV:37, described clinically above as not meeting diagnostic criteria, exhibits linkage data consistent with our clinical interpretation. Of note, the data do not permit one to determine the effect of the homozygous inheritance of this mutation. First, none of the affected offspring of the consanguineous marriages who participated in the study (IV: 11, IV:12, and V:9) are homozygous for the diseaseassociated haplotype. Second, neither of the mothers of these offspring (III:13 and IV:11) has had miscarriage or fetal loss, which could be increased in incidence if homozygous inheritance of the putative disease gene were fatal.
COMMENT
Our data establish that the CFEOM gene segregating in pedigree BW is linked to the chromosome 12 CFEOM1 locus. Consistent with this genetic finding, severely affected members of this family appear to be clinically indistinguishable from affected members of families with classic CFEOM; they have bilateral ptosis and restrictive ophthalmoplegia, and their eyes are infraducted with or without secondary esotropia or exotropia. As a group, the phenotype in these severely affected individuals is not consistent with the phenotype described for CFEOM2 or CFEOM3; in these disorders all severely affected in- dividuals have primary or secondary exotropia. Inconsistent with this genetic finding, however, are the phenotypes of the 11 atypically affected members. Their phenotypes differ from the classic CFEOM phenotype by having 2 or more of the following findings: (1) one or both eyes are in a neutral rather than an infraducted primary position, (2) one or both eyes can be raised above the midline with only moderate or mild restriction of upgaze, and/or (3) ptosis is unilateral or completely absent. Unlike the severely affected members, the phenotype of this second group of family members is indistinguishable from mildly and moderately affected members of the CFEOM3 family. 4 Thus, pedigree BW establishes that there is greater phenotypic heterogeneity at the CFEOM1 locus than previously reported, and suggests that phenotype alone may not be sufficient to distinguish between CFEOM1 and CFEOM3.
The mutation in this family appears to exhibit reduced penetrance and marked variability in its clinical expression. Individual IV:2, who is clinically unaffected, carries the complete disease-associated haplotype, which he inherited from his affected father. This is the first report of such an individual in a CFEOM1-linked family. Unfortunately, although there are family members who are minimally affected and have severely affected offspring, there are no skipped generations to definitively establish reduced penetrance. Such marked variability in clinical expression has also not been re- ported previously at the CFEOM1 locus. Prior to this family study, we hypothesized that the CFEOM gene in families with members who have unilateral affection or only mild motility defects would likely map to the CFEOM3, and not the CFEOM1, locus. 4 Family BW, therefore, demonstrates that a variable phenotype can occur within the same family as the result of a CFEOM1 mutation and that the mutation may have incomplete penetrance. Although the frequency of this second CFEOM1 phenotype with variable expressivity and reduced penetrance is not known, it is likely not to be isolated to only family BW, as there are several clinically similar published pedigrees [7] [8] [9] [10] that could also map to the CFEOM1 locus. In addition, we have recently studied a CFEOM family whose linkage analysis establishes genetic heterogeneity for autosomal recessive CFEOM and suggests that a second recessive locus may be allelic to CFEOM1, further supporting the concept of phenotypic heterogeneity at the CFEOM1 locus.
11 Therefore, the current trend suggests that phenotype alone will not permit definitive distinction between the various CFEOM syndromes, and that appropriate diagnosis and counseling of individuals and families with CFEOM will depend on the combination of clinical and genetic evaluations.
The neuropathologic mechanisms underlying the ocular-motility defect in family BW are not known. Postmortem neuropathologic examination of an affected individual from a classic CFEOM1-linked family, however, demonstrated an absence of the superior branch of the oculomotor nerve and its corresponding subnuclei in the midbrain, and marked abnormalities of the superior rectus and levator palpebrae superioris muscles that this branch normally innervates. 6 The phenotype in family BW suggests a similar anatomic defect affecting the superior more than the inferior division of the oculomotor nerve and its corresponding subnuclei. Some family members, however, have superior rectus dysfunction in the absence of levator palpebrae superioris dysfunction and vice versa, suggesting that, unlike classic CFEOM, in some family members the individual subnuclei/ nerves within the superior branch of the oculomotor nerve may be selectively targeted.
Similar to the findings in families with classic CFEOM, dysfunction of the superior rectus and levator palpebrae superioris muscles alone does not account for all of the ocular-motility defects in family BW. We cannot determine from the motility examinations, however, if these defects result from abnormal innervation and/or from mechanical restriction secondary to muscle contracture with or without fibrosis. Affected family members have positive forced ductions and some demonstrate aberrant ocular movements. Most frequent is the finding of convergent motion in attempted supraversion and divergent motion in attempted infraversion that creates an A-pattern deviation. This is similar to reports of classic CFEOM individuals who often demonstrate abnormally directed eye movements, including synergistic convergence and divergence on attempted vertical gaze, 6, 12, 13 and could result from aberrant innervation or from failure of contracted inferior rectus fibers to relax. One individual has unilateral absence of horizontal movements, and several individuals have unilateral absence of abduction. This horizontal restriction could result from primary dysfunction of the abducens nerve in addition to the oculomotor nerve, from aberrant innervation of the lateral recti muscles, and/or from secondary contractures.
The phenotypic variation at the CFEOM1 locus found in family BW could theoretically result from one of several mechanisms. Most likely, the family has a unique mutation in the CFEOM1 gene that results in a variant phenotype. Less likely, there could be a second CFEOM gene that maps within the CFEOM1 critical region and it is this gene, not the CFEOM1 gene, that is mutated in this family. It is also possible that the variable expressivity results from the effects of a distant gene that modifies the classic CFEOM phenotype. Once the CFEOM1 gene is identified, it will be possible to determine if it is mutated in this family. Uncovering the molecular basis of the phenotypic variation in family BW should lead to a greater understanding of the function of the CFEOM1 gene in the development of the oculomotor axis. 
